A special coolant system called 'Ion-shot coolant system' which consists of an electrolytic liquid and a nano carbon additive was developed. A series of experimental studies had been conducted to understand the effects of the coolant in micro cutting of two steel materials with different carbon content, a high carbon chromium steel (SUJ-2) and a pre-hardened mold steel (SUS420J-2) using a diamond tool. Significant improvement of the diamond tool wear was observed while cutting ferrous materials. Additional benefits of the ion-shot coolant system were discussed in this paper.
Introduction
With an increase demand on precision micro molds for various applications such as medical devices, micro-fluidic devices, components for alternative energy devices, etc., the need of sharper cutting edge and longer tool life becomes significant. A diamond tool has many benefits such as the highest material hardness and high thermal conduction performance but machining of the ferrous material with a diamond tool has been avoided due to severe tool wear. A cBN sintered tool or a coated carbide tool is currently used for mold machining, instead. However, those tools are not as sharp as a diamond tool, which set the limit of the minimum depth of cut to produce a fine surface and exhibit faster initial wear. Furthermore, a batch size of the molds for emerging products varies tremendously, which requires a wide range of mold materials and cost reduction. Ever decreasing feature size on precision molds also requires utilization of a single crystal diamond tool. Therefore, it is necessary to develop new machining technology to utilize full benefits of the diamond tools. Several studies were done with cryogenic environment 1) , carbon rich environment (methane) 2) , and nitrogen gas and argon gas environment 3) . But those methods were not practical and very few provided explanation for cutting mechanism. Some investigated effects of additives for friction force and chip formation under such special environments but they were not for diamond tools 4) . Therefore, research for practical implementation of diamond tools on precision micro mold fabrication is necessary.
For practical use of a diamond tool on precision cutting of ferrous materials, there are two technical targets, wear proof characteristics and surface modification performance to minimize crystallographic orientation effects to produce a mirror surface. Newly developed coolant system for the application of diamond tool on ferrous material is introduced. This special coolant system utilizes nano carbon additive and electrolyzed coolant which modifies the work surface characteristics so that it reduces friction coefficient and direct contact between the tool and the workpiece.
Experimental Setup
The schematic of the ion-shot coolant system is shown in Figure 1 .
5) The ELID liquid with density controlled nano carbon additives are supplied through carbon electrodes where the coolant is electrolyzed. The electrolytic coolant with nano carbon additive is dripped to the cutting point with a volume of about 30mL/min. In this study, three types of coolants were applied for comparison. Two types of coolants; KM and NCEC were applied for cutting performance comparison and three types of coolants; KM, NCC and NCEC were applied to understand the effect of electrolytic reaction.
• KM: conventional kerosene mist supply • NCC: nano carbon ELID coolant without electrolyzation • NCEC: nano carbon electrolytic ELID coolant (electrolytic conditions: 1.7A and 15V)
Two types of steels with different carbon contents, SUJ-2 and SUS420J-2, were used to investigate the effect of nano carbon additives. High carbon chromium steel (SUJ-2) is generally used for bearings thanks to its excellent wear resistance, high hardness, and corrosion resistance. It contains 0.8% to 1.2 % of carbon element. Its Vikers hardness is 850. A pre-hardened mold steel (HPM38) used in this experiment is one of the stainless steel (SUS420J-2) family and contains 0.4% of carbon element and its Vikers hardness is 600.
The diamond tools used for experiments were a single crystal with rake face orientation of (110). Its nose radius was 800 µm with the rake angle of 0 o and flank angle of 10 o . An ultra precision CNC machine (NANO100) was used. Grooving was applied at the cutting speed ranging from 150 mm/min to 500mm/min and turning was also conducted at the cutting speed ranging from 1000mm/min to 5000mm/min with a peek feed of 5 µm/pass. Figure 2 shows the machined surface of SUJ-2 under nano carbon electrolytic coolant (NCEC) and kerosene mist (KM) by digital microscope VHX-500. The depth of cut was about 6 µm (2 µm x 3 times) and cutting speed was 150 mm/min. It can be seen that KM produced discontinuous cutting lines on the surface due to unstable cutting while NCEC created very smooth cutting lines on the material. One of the important factors to produce a fine surface is to maintain a sharp cutting edge during the cutting. Under the kerosene mist, ferrous material produced a built-up-edge (BUE) due to high chemical affinity with a diamond and changed cutting edge shape during the cutting. The chemical reaction in NCEC, however, may create a protective coated layer on the tool surface and change the chemical affinity to the iron so that the tool maintains its sharpness.
Wear proof and surface modification characteristics under NCEC

Wear proof characteristics
An electron probe micro-analyzer (EPMA) was used to investigate the tool surface state. Figure 3 shows a thin film of the diamond tool face (left photo) and conglomerated film (right photo) peeled by a needle from the diamond rake face after one hour of cutting under NCEC. EPMA result showed that dominant content of the thin film was a carbon from NCEC and others were silver from the electrode coating material to be able to see the tool under EPMA and copper from the base plate of the EPMA device, Figure 4 (a) while EPMA result of NCC (without electrolytic energy) did not show a carbon content, Figure 4 (b). These analyses may illustrate the possibility of producing a graphite layer or a layer with similar structure of the typical solid lubrication, where the friction coefficient of the tool would be very low and assist a stable cutting. Figure 5 shows the effects of the cutting speed on the tool wear volume and removal rate for turning of SUJ-2 steel material. Wear volume was calculated by utilizing 3D CAD modelling of the tool. The removal rate was defined as the material cut volume divided by the tool wear volume. A longer tool life was observed at higher cutting speed under NCEC opposed to that under KM. At the cutting speed of 3,000 mm/min, the tool wear under NCEC was much smaller than the one under KM. Increasing cutting speed brings shorter contact interval between diamond tool surface and ferrous material, though the result in case of KM condition doesn't show this effect. 
Surface modification characteristics
The micro hardness of the work surface under NCC increased from the original hardness while it decreased under NCEC, Figure 6 . Without electrolysis, a certain chemical reaction on the surface during the cutting may produce harder surface layer (ex. Fe 2 O 3 ). As the coolant is electrolyzed (NCEC), the pH value of the coolant may change and promote a different chemical reaction on the surface that may produce somewhat molten surface and thus softer surface layer (ex. FeCl 3 in the water). The thickness of those modified surface layers were about 200 nm by using the nanometer indentation depth analysis. From the observation of the minute chip under NCEC, nano-meter sized wrinkles of which directions are normal to the cutting direction were found in Figure 7 (b). These nano-meter sized wrinkles are similar to the lamellar chip structure which is generally produced from amorphous structural material. Distance indicated by the arrows in Figure  7 (b) is about 1 µm. Regardless of crystallographic orientation, chips are broken along the wrinkle lines which is only dependent of cutting direction. 
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Vol. 4, No. 5, 2010 compound in the coolant. Hypothetically, the work surface was pitted by the ionized chlorine, which weakens grain boundaries and crystal structure. Additionally, chemical reaction may modify crystal structure of the surface resulting in amorphous layer. It is similar to the role of the slurry in the CMP (Chemical Mechanical Polishing) process. Figure 8 shows the machined surfaces under NCC and NCEC cut by the single crystal diamond tool with nose radius 5000 µm. Initially, NCC was applied with depth of 2 µm and peek feed of 50 µm/pass. During cutting, electric energy was applied so that the coolant becomes NCEC. Under the condition of NCC, cutting groove had two different surface morphologies, uneven cutting surface, Figure 8 (a) and even cutting surface, Figure 8(b) . As previously mentioned, NCEC produced carbon layer on the tool surface but NCC didn't. Hence, under NCC, chemical affinity between the diamond tool and the material may produce bigger friction force that brings stick-slip at the cutting interface. While under the condition of NCEC, cutting surface morphology was uniformly ordered surface (c). NCEC condition produces protective carbon layer on the diamond tool, and may reduce friction force at the cutting interface. This effect may prevent stick-slip at the cutting interface. Therefore, NCEC condition should be preferable to produce a mirror cutting surface. 9 ) were obtained by calculating mean value of the measured data. These profiles conform with the engaged tool tip shape which can be obtained by peek feed distance (50 µm) and the radius of the tool (5000 µm). The burr height of NCC was about three times higher than the burr of NCEC. The softened poly-crystalline structure by NCEC may reduce burr height. The minute chips from the cutting with NCEC transported to the edge of the workpiece during the cutting, Figure 10(a) . Although the image does not show details, the minute chip from NCEC cutting were attached and aligned in order at the edge of the workpiece. This may be caused by electrostatic force. With a small amount of NCEC supply (30 ml/min), chips were effectively removed from the cutting interface and the machined surface. 
Effects of carbon density and cutting speed
The amount of the carbon in the steel alloy may have significant effects on diamond tool wear. Once the work material is selected for a given part, the carbon content cannot be changed to prevent tool wear. Hence, adjusting the density of nano carbon additives in the ion shot coolant may improve the diamond tool life. Figure 11 shows the difference of the cutting surface qualities of SUJ-2 and SUS420J-2 under the same cutting conditions. As shown in the figure, SUJ-2 exhibited a very smooth surface unlike SUS420J-2. Therefore, it is necessary to apply a proper density of nano carbon additives depending on the work material. In this section, six cutting speed conditions and three kinds of nano carbon additives density were applied for comparison. Figure 12 shows the surface roughness of SUS420J-2 with varying cutting speed shown Table. 1 under C1 condition. As cutting speed increases the surface roughness decreases and reached an optimal point. Once it reached the optimal point, it increased as the cutting speed increased. Therefore, under the given conditions, a proper combination of carbon density and cutting speed for a specific material will produce best surface quality while maintaining a longer tool life. Figure 13 shows the effect of nano carbon density and cutting speed on surface roughness and cutting force of SUS420J-2. The density of nano carbon additives was varied at three levels, 0.0015 wt% (C1), 0.0035 wt% (C3), and 0.0070 wt% (C6). Two cutting speeds, S10 and S30 were chosen. The graph clearly shows that the optimal nano carbon density for SUS420J-2 is C3 (0.0035 wt %) and under this condition, surface roughness and cutting forces were decreased considerably. The inserted photos show the difference in surface qualities between C1 and C3. Surface roughness (nm) Surface roughness (nm) SUS420J-2 contains less carbon than SUJ-2. Therefore, it was significantly affected by nano carbon density in the coolant. Hypothetically, SUS420J-2 may require more carbon in the coolant to replace carbon diffusion from the diamond tool. However, a proper explanation is not possible when nano carbon was supplied more than C3. The friction at the cutting interface may be increased by over crowded nano carbon particles. The further research should be followed to identify this issue. However, since SUJ-2 contains as twice carbon as SUS420J-2, it may not be sensitive to the density of nano carbon additives in the coolant.
Conclusion
This study showed a potential of ion-shot coolant system with ELID liquid and nano carbon additive for cutting of ferrous material using a diamond tool, which was conventionally considered impossible. This technology would enable the use of the diamond tool for ultra-precision mold making utilizing various materials including ferrous materials. The ion-shot coolant system showed the following benefits with a proper selection of cutting parameters.
• Decreased tool wear: The nano carbon particles protected the tool surface as a solid lubricant.
• Improved machined surface quality: Electrolyzed ELID liquid modified the micro hardness of the work material, which might have enabled ductile mode cutting.
The study also showed that an optimal condition for nano carbon density and cutting speed existed for a specific work material. This may be due to a carbon content in the work material and further investigation is required to identify the relationship between carbon contents of work material and nano carbon density in the coolant on surface quality and cutting performance.
